Our research concerns comparing the performance of various transmission and reception alternatives for the 5-45 MHz portion of the upstream path of the return coaxial cable band2. This evaluation is based on ingress noise spectra files collected over an extended period of time from various sites. This data has been used t o evaluate return band capacity as a function of sub-channel bandwidth in FDMA and TDMA/FDMA schemes. In addition, the time varying aspect of the channel is considered using variable bit rate allocation t o sub-bands, as in OFDM with frequency division multiplexing. Furthermore, the same analysis is repeated for a wideband system using a Decision Feedback Equalizer (WDFE) contending with ingress noise instead of channel distortion. This research demonstrates that using a variable channel allocation (VCA) scheme t o match the time varying aspect of the channel enhances the performance over a fixed channel allocation (FCA) scheme. It also shows that a wideband system using an adaptive Decision Feedback Equalizer (DFE) performs similar t o a Multi-Carrier Modulation (MCM) method, and that reasonable performance can be obtained by using a system of lower complexity consisting of the combination of the FCA with the WDFE.
Introduction
In the past, the lower portion of the cable spectrum was used sporadically because of its intrinsic characteristics. Today, however, this part of the spectrum is being looked at very closely in order t o provide the upstream path required by the emerging new digital services in CATV systems. Indeed, the presence of impulse noise, long term narrowband interferers and electromagnetic interference creates a need for a robust multi-access scheme that ensures reliable transmission for the upstream path. In this paper, we first present an overview of the ingress noise data files that were used for our analysis. Second, we discuss two approaches used to evaluate potential transmission alternatives. The first approach consists of a carrier modulation system (MCM) where the parallel transmission of data is carried out by using very narrow sub-bands. The second method consists of a wideband system where the serial transmission of data is carried out by using a few large sub-bands and decision feedback equalization (WDFE). In the case of the wideband system, our research also took into consideration a system representative of one encountered in practice with the examination of how fixed transmitting filters, k e d receiving filters, guard bands, adjacent channel interference, and the number of taps affect return band spectral efficiency. 
NOTE THE PRESENCE OF THE T~/DATACOM TESTER CAR-RIER AND CABLE MODEM CARRIER LOCATED AT 25 MHz AND
The performance evaluation is based on ingress noise spectra files coming from two distinct CATV network head end sites3. Each file has been gathered by sweeping the reverse trunk input by a spectrum analyzer (figure 2.1) . The all-on configuration (meaning that all the bridger switches were turned on to allow the reverse signal from the feeders t o get into the trunk and be transported to the headend) allows us to consider the max- imum noise funneling effect. For the following analysis, 2000 sample files were taken at approximately one minute intervals. Various signals such as cable modem and monitoring carriers were also present during the measurements and were removed to perform the analysis. Except for the effect of reflections, the upstream chmnel of a CATV network has almost ideal frequency response characteristics. The reflections are caused by mismatch in the network (and the insertion of taps and splitters. The paper [l] gives the reflection and the delay pai'ameters for a common system. Typically, an echo component of -20 dB down with a delay of 500 nsec seems typical.
Transmission techniques
The following present the models that were used for our comparative evaluation. The MCM model will be presented with all the details needed to understand the r e sults and analysis of our evaluation, which are presented in the next section. All the models used in our stud). consider only the upstream path (the transmission from subscribers toward the head-end). The WDFE and FWDFE will be described without repeating the information common t o all the models.
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Figure 3.1: MCR/I SCHEME MODEL USED FOR THE ANALYSIS. The first model that was used in our comparative waluation is the MCM or parallel modulation method (iigure 3.1). The following equation is an equivalent representation of the model, where fn would be the correspoiding nth carrier frequency, the data symbols and p(1) the Nyquist impulse response.
The MCM system splits the input stream at the datis rate R into N streams. The data rate of the individual subcarriers becomes R/N. The carriers are spaced exactly apart, thus f = would correspond to the sub-band width of the individual sub-carriers. Note that this type of modulation is also used on the (asymmetric digital subscriber loop (ADSL), where up to 600 kb/ 
Evaluation of spectral efficiency
In our analysis, we studied two optimized bit allocation methods that could be used with all the models. The first consisted of ai1 optimized FCA method where the modulation schemle would use a fixed (time-invariant) modulation rate folr each individual sub-channel but the rate could vary from sub-channel to sub-channel depending on its long term average SNR. The second consisted of a time varying allocation method where the modulation scheme would be able t o adapt itself t o the slowly varying ingress noise. Note that the use of a VCA scheme, in the interest of improving system efficiency, would have the drawback of increasing the complexity and overhead of the MAC protocol. To compute the spectral efficiency of a MCM model, the total upstream bandwidth from 5-35 MHz was subdivided in sub-bands of width d e b . The additive noise was assumed to be piecewise constant in each of the subbands. The analysis was then conducted on each of the sub-bands as follows: the average received signal power P ( f ) (9 dBmV/MHz) and the noise power N ( f ) (obtained from t!he measured ingress noise spectrum with a spectral resolution Af of 100 kHz) were calculated in order to compute the SNR in each sub-band (equation 1).
The spectral efficiency of each sub-band was that of the most efficient modulation scheme from BPSK, &AM, 8-PSK and 16-QAM that met the SNR requirements for a BER performance smaller than (lo-') . For a FCA scheme, the selected modulation scheme had t o meet these requirements on a given sub-band for 99% of the files (1% outage). A file consists of 400 sample points taken with a spectrum analyzer measuring the ingress noise present in the spectrum at a particular time for a particular site. For the VCA scheme, the modulation scheme could change on a file to file basis. The performance of VCA was found by evaluating the maximum throughput that can be obtained over 99% of the files (1% outage). The total capacity of the return bands was then obtained by summing up the spectral efficiency of each sub-band, mulitiplied by their bandwidths. Note that no power optimization4 was needed in this approach since it has already bleen shown that a scheme like MCM optimally distributes the power more or less uniformly over the spectrum with high SNR [4] . The performance of MCM would therefore not be greatly enhanced by power optimization. This procedure was done considering the 5-15, 15-35 and 5-35 MHz portions of the spectrum and considering -1, .2 , .5, 1, 2, 5, 10 MHz sub-band widths. , which expresses the equalizer's output signal to noise and IS1 ratio in terms of noise and channel spectral characteristics (equation 2) using the minimum mean square error (MMSE) criterion.
Wideband infinite DFE (WDFE) model
SIS.
H ( f ) is the channel magnitude response and N ( f ) the noise power. Except for the evaluation of the SNR, the exact same approach as seen in the MCM scheme was used t o evaluate the spectral efficiency. It is also to view the effect of various combinations of parameters such as carrier spacing, fractionally spaced equalization, excess bandwidth, and guard bands on spectral efficiency.
Finite Wideband DFE (FWDFE) model
Evaluation of the mean square error
For this model, the mean square error criterion was used to compute the taps coefficients. The optimum tap coef- 
Capacity with excess bandwidth and
Guard bands are implemented by varying the frequency spacing of the adjacent channels. The analysis was conducted considering various excess bandwidth and frequency shift parameters. A simple relation can be used to evaluate the overlapping factor (OF) in percentage.
guardbands (3)
O F = (1 -f,) * 100 -a is the excess bandwidth in percentage and f, is the frequency shift used t o implement the guardbands.
To evaluate the capacity, the efficiency was computed for each individual sub-band. If guardbands were used, that portion of the spectrum was considered when the total capacity of the spectrum was computed. The capacity of each sub-band is evaluated individually, considering the effect of adjacent channel interference on both sides.
Evaluation of spectral efficiency for
Except for the evaluation of the SNR, the exact same approach as seen in the MCM scheme was used to evaluate the spectral efficiency. The same modulation and allocation schemes were also be used.
We have used the following definition to compute the SNR, taken from Many results have been computed using the above models. In this paper, only the most important results are outlined. For this purpose, the WFDFE and the WDFE systems have been analyzed using sub-band widths of 2 and 10 MHz. The MCM system has been analyzed with sub-bands of 100 kHz. The models are further defined as f 0 11 0 w s : MCM: This is the ideal parallel modulation model. It consists of 100 kHz rectangulx sub-bands without considering channel distortion and guardbands.
WDFE: This is the ideal serial modulation model with infinite numbers of DFE taps. We assume rectangular sub-bands with no overlapping spectra. No channel distortion is considered.
WFDFE: This is the model which presented the best performance in the presence of adjacent channel interference. The finite equalizer consists of a 20/10 (forward/feedback) taps fractionally spaced at T/4 DF'E for the 2 MHz sub-band width system and a 40/20 (forward/feedback) taps fractionally spaced at T/4 DF'E for the 10 MHz sub-band width system. We consider the effect of guardbands and the effect of the adjacent channel interference by having carriers spaced at l/T-5% with an excess bandwidth parameter of 25% (OF=30%).
For the models with channel distortion, we assumed a channel with 1 reflection of 500 nsec and -20 db down. * WDFE shows almost the same performance when either the VCA-l% or FCA-1% schemes are used in the 15-35 MHz portion of the spectrum. This occurred for both sub-band widths. This can be explained by the fact that the WDFE is able to mitigate the ingress noise present in that portion of the spectrum.
* The usage of smaller bandwidth is only relevant in the lower portion of the spectrum for a wideband sy:<tem. This can be explained by the fact that the WDFE cannot entirely mitigate the ingress noise and the effect of using smaller-bandwidth starts to prevail. A MCM system combined with a VCA scheme could have an advantage in that region by using smaller sub-band width since it would be able to adapt its modulation scheme t o match the slowly varying ingress noise. * In the high portion of the spectrum, the WDFE has slightly better performance over the MCM scheme with the VCA-AVG capacity scheme for both sub-band widths. As was mentioned in [6], prior research has shown that MCM arid a wideband system with DFE presents similar results for high SNR.
* For the MCM method, the VCA scheme greatly improves the performance in comparison to a FCA scheme. The VCA scheme is able t o adapt the modulation scheme to the time varying aspect of the noise.
* The first 10 MHz of the upstream path is severely hampered by ingress noise. Only very low bit rate can be obtained in that portion of the spectrum. WFDFE performance: Regarding the effect that the number of taps, adjacent channel interference and excess bandwidth filters have on spectral efficiency, we have found a reasonable number of taps to be of 210/10 (forward/feedback) for a 2 MHz subband width system and 40/20 for a 10 MHz sub-band width system. Almost no gain in efficiency was found by using 25% excless bandwidth filters instead of 10% excess bandwidth filters. . This can be explained by the fact that a synchronous equalizer cannot exercise independent control on both sides of the rolloff region (at f=1/2T). It will only act on the aliased spectrum instead of the real spectrum. If we use a fractionally spaced equalizer that samples at least twice the input sample frequency, however, the first repetition of the spectrum would include the rolloff region [12] . The best performance was obtained with the T/4 fractionally spaced equalizer. For the filter with 10% excess bandwidth, we obtained the best performance with an overlapping factor of 10% (carrier spacing of 1/T) and for the filter with 25% excess bandwidth, we obtained the best performance with OF=30% carrier spacing of (l/TBy looking at the previous tables, we observed good performance for the WFDFE with 10 MHz sub-bands for the 15-35 MHz portion of the spectrum. The 40/20 (forward/feedback) taps equalizer with 1/T-5% carrier spacing is able t o mitigate the adjacent channel interference and the ingress noise present in that portion of the spectrum. This result is of less importance for the 2 MHz sub-bands case. This could be caused by the frequency resolution of the spectrum analyzer which affects the evaluation of the WFDFE. By having the resulting spectrum diverging from reality and fewer points to perform the evaluation, the 2 MHz sub-band width case couid differ slightly from the optimum results. Nevertheless, the WFDFE -FCA seems to be a viable alternative to a complex scheme such as MCM -VCA. 5%).
Conclusions
The results have shown that both the parallel transmission of data and the serial transmission of data would result in roughly similar performance for the 15-35 MHz portion of the upstream path when used with a VCA scheme. The time variability of the noise is an important aspect in the upstream path, and special care should be taken especially in the first 5-15 MHZ portion. The usage of small sub-bands combined with a VCA scheme is recommended in order to use this portion effectively. Otherwise, efficient forward error coding will need t o be implemented. We have seen that the MCM system is effective in mitigating the ingress noise found in the upstream path. It is recommended t o use an adaptive and variable channel allocation scheme t o obtain good performance with the MCM method in comparison to a wideband system with DFE. In situations where a system of lower complexity would be considered, a wideband system with a DFE using an better performance than that of a MCM-FCA scheme and would be simpler to implement by using fixed bit rate allocation for individual sub-bands instead of a more complex adaptive data allocation method. A reasonable number of taps, such as 40/20 (forward/feedback) for a 10 MHz system and 20/10 for a 10 MHz system, have proven to be efficient for the decision feedback equalizer. The DFE equalizer has proven to be effective in mitigating the ingress noise and reflections found in the upstream path and was also proven t o be effective against adjacent FCA scheme is a good solution. The WDFE-FCA has channel interference. It was shown that we can improve the upstream capacity by using fractionally spaced equalization and carriers spaced in such way that their individual spectra overlap.
